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 AFRL Efforts in Cyanate Ester Resins
* Routes to Individual Graphene Sheets
Graphene Oxidation

Polycyanurate / GO Composite Prep.
Preliminary Composite Mechanical and
Physical Property Characterization
Acknowledgements:

« National Research Council (NRC) Research
Associateship Program (RAP)

e Air Force Office of Scientific Research, Air Force
Research Laboratory — Program Support; PWG team
members (AFRL/RZSM)

DISTRIBUTION A: Approved for public release. Distribution is unlimited. AFRL Public Affairs Clearance Number




L 7 .
W Multi-functional Structural Materials

0'»/

Objective

Explore the use of graphene-based multi-functional
structural materials for added toughness and moisture
resistance with minimal loss in strength and stiffness

Methods

Dispersion of individual graphene sheets in polycyanurate resin
*Chemically functionalized graphene
*Graphene oxide
Chemically functionalize graphene sheets with reactive
functional groups
sImproved dispersion
*Stronger polymer-filler interface

Characterization

Characterization of chemically functionalized graphene

*Type of functional group present

*Degree of functionalization

Location of reactive groups on surface
Characterization C_’f physical and mechanical properties of Reproduced with permission from Kim, H. et. al. Macromolecules 2010, 43, 6515.
graphene composite Copyright 2010 American Chemical Society.

*Glass transition temperature

*Stiffness

*Gas and water barrier properties

Benefits
Increased barrier performance and decrease in weight of
aerospace composite materials
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Potentlal Applications for Cyanate Ester
Resms and Composites

Image courtesy US Navy (public domain)

e  Ship structures

Image by Antonio Pedreira (public domain)) * Missile Fins’ Radomes

«  Microchip housing * Spacecraft antennas

» A better understanding of the physical properties, including water uptake, of cyanate ester resins will lead to
improved performance in the example applications shown above.
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N2 Background: Cyanate Esters
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* (Glass transition temperatures of 200 — 400°C allow for higher temperature structural
components made from continuous fiber-reinforced polymer matrix composites

* Rheological characteristics of cyanate esters compatible with low cost fabrication
processes such as RTM and filament winding

* Can be easily compatibilized with tougheners and nanoparticles

* Single species reaction chemistry is “cleaner” than epoxy resin and well-understood;
enables development of superior predictive models for failure; readily catalyzed to
cure at reasonable temperatures
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Importance of Managing
e Water Uptake

« Water can add significantly to launch or
take-off weight (3% water in composite
resins = about 50 Ibs of extra weight on an
AV8B)

Photo by U.S. Navy photo by  §
Photographer’s Mate 1st [ ===
Class Anibal Rivera (public £ ==
domain). B

« Items with high water content can falil
catastrophically when suddenly heated

« Long-term exposure to water can facilitate
many mechanisms of chemical
UsS: Naw photo by Photographers Mate 1 degradation, necessitating substantial
“knock down” factors in design allowables

» Though more stable than epoxy resins,
cyanate esters can degrade on long-term
exposure to hot water

U.S. Navy photo by Mass Communication Specialist 3rd
Class Torrey W. Lee (public domain)
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Reproduced with permission from Bunch, S. et. al. Nano Lett. 2008, 8, 2458. Reproduced with permission from Wang, D.W. et. al. ACS Nano 2009, 3, 1745.
Copyright 2008 American Chemical Society. Copyright 2009 American Chemical Society.

Graphene is a 1-atom thick carbon lattice that has been proclaimed as the world’s strongest (ultimate strength
130 GPa), and stiffest (Young’'s modulus 1 TPa) material.2

Transport properties: Surface area: 2630 m2/g®; impermeable to He®; high thermal conductivity (5000
W/(m-K))¢; high electrical conductivity (6000 S/cm)e and electron mobility (250,000 cm?/vs at 5K)f

In composites, toughness improves with increasing non-bonded surface area while strength and stiffness
improve with bonded surface area; the high surface area of graphene allows excellent control over the balance
of these properties.

Graphene is unique in that it can be a reinforcement, barrier, and electrode all at once

Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Science 2008, 321, 385-388.

Viculis, L.M.; Mack, J.J.; Mayer, O.M.; Hahn, H.T.; Kaner, R.B. J. Mater. Chem. 2005, 15, 974-978.

Bunch, J. S.; Verbridge, S. S.; Alden, J. S.; van der Zande, A. M.; Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Nano Lett. 2008, 8, 2458—2462.
Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, |.; Teweldebrhan, D.; Miao, F.; Lau, C. N. Nano Lett. 2008, 8, 902—-907.

Du, X.; Skachko, I.; Barker, A.; Andrei, E. Y. Nature Nanotechnol. 2008, 3, 491-495.

Service, R.F.; Science 2009, 324, 875-877.

~Poo0 T
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*Bottom-Up Methods
—Chemical Vapor Deposition (CVD)
—Arc Discharge

—Epitaxial Growth

—Good for evaluation of physical and
mechanical properties

—Produces small amounts of material

*Top-Down Methods
—Micromechanical Cleavage
—Acid Intercalation
—Oxidation of graphite Reproduced with permission from Kim, H. et. al. Macromolecules 2010, 43, 6515.
—Produces relatively large amounts Copyright 2010 American Chemical Saclety.
of material

—Often leads to a reduction in
attractive properties
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Graphite Oxide
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Reproduced with permission from Kim, H. et. al. Macromolecules 2010, 43, 6515. Copyright 2010 American Chemical Society.
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&/’\ Graphene Oxide Cyanate Ester
Qe Composite Potential Reactions

« Chemical oxidation of graphite results in hydroxyl and oxirane functionalities on the
surface of individual graphene sheets
He, H. et. al. Chem. Phys. Lett. 1998, 287, 53-56.

« Oxygen functionalities on graphene surface and edges may impart favorable interactions
for good dispersion

* Interactions between oxirane and hydroxyl moieties with polycyanurate matrix (both non
covalent and covalent) may provide improved physical and mechanical properties

« Careful analysis of the graphene reactant and product will be needed to understand
chemical structure and reproduce key properties
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% _ Graphene Oxide LECy Composite

| Fabrication
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Hummers method of oxidation

Hummers, W. S., Jr.; Offeman, R. E. J. Am. Chem. Soc. 1958, 80,1339.

- H,SO,, KMnO,, NaNO,
— H,O wash
— Filtration

 Forms stable dispersions in water and polar organic solvents

 Graphene oxide dispersed in LECy / catalyst by high shear mixing (1 hour)
followed by sonication (1 hour)

o Catalyst (2phr): 1:30 by weight Cu(ll) acetylacetonate : nonylphenol

* Mixture degassed at 300 mm/Hg 30 minutes at 90 °C and prior to pouring
into silicone molds

e Cure schedule: 150°C 1hour, 210 °C 24 hours (5 °C/min ramp rate)
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LECy DSC

Heat Flow (mW)
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Dispersion of graphene oxide in LECy
dicyanate did not significantly change the cure
kinetics of the monomer. Therefore, the
attractive processing characteristics of LECy
are retained in graphene oxide / LECy
mixtures.

Impurities, such as aryl phenols and transition
metals, catalyze cyclotrimerization and lowers
the peak of the cure exotherm temperature
thereby narrowing the processing “window.”

—LECy
14 —1 Wit% GO
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—5Wt% GO

Heat Flow (mW)
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Characterization of Graphene Oxide

Graphene Oxide DSC 120 Graphene Oxide TGA
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AFM image
(5 um x 5 um)
of graphene
oxide

AFM image
(2.2 pm x 2.2 um)
of graphene oxide
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%/)\ Graphene Oxide Composites: Dynamic
“wr Mechanical Analysis (DMA)
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Graphene Oxide Composites: Ambient
Temperature Water Uptake

1.2
* LECy
1 y=008ex-00179 W Rectangular samples with dimensions of
e =LECy 1 wt% GO o~ approximately 31 mm X 12 mm X 3 mm were
8 %% T immersed in deionized water at ambient temperature
%: 06 /-// P Equilibrium weight gain of LECy / graphene oxide
= /,/ - sample was greater than pure LECy polycyanurate
g 041 AT e ymomsscoons Diffusion coefficient of graphene oxide composite
o e sample was less than LECy polycyanurate
v
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Graphene Oxide Composites:
Scanning Electron Microscopy (SEM)

LECY 1wt% GO LECY 2wt% GO
40 um scale bar 10 um scale bar

SEM micrographs suggest that
LECy polycyanurate matrix is not
covalently bonded to graphene
sheets

Matrix-filler interface is likely
dominated by intermolecular forces
rather than covalent bonding

9 (s " LS o
det | mode | spot 0 mag WD

det | mode | spot

441 AM | 500KV |1216x|16.0 mm|ETD| SE | 20 o4:06 AM | 500 kV |2 500 x| 15.0 mm|ETD| SE |20

LECY 2wt% GO
4 um scale bar
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LECY 1wt% GO
50 um scale bar
microtomed surface




Graphene Oxide Composites:
Platelet Dispersion

LECY 1wt% GO LECY 5wt% GO
1mm scale bar 1mm scale bar

Void content and settling was low in
the LECy 1 wi% GO composite and
much greater in the 5 wt% GO
sample

Lateral dimensions of GO sheets
: were approximately the same for : B : .
612412011 | HV |mag| WD | det |mode|spot| . bOth hlgh Shear mixed and erzarQS;i | A ‘mag| WD | det | mode|spot|

2:03:52 AM|5.00kV  40x|14.9 mm|ETD| SE 20\ . 3:42:32 AM|5.00kV | 50x|15.1 mm|ETD| SE 20\
sonicated GO

AFM image _ i iiw AFM image
(20 um x 20 um) Noles T L A (20 um x 20 pum)
high shear mixed B ra . a sonicated

graphene oxide X5 : \ ' S5k : graphene oxide
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%

» Graphene oxide produced by chemical oxidation formed stable dispersions in LECy
cyanate ester matrix and edge functionalized graphite does not

#{

Summary

e High shear mixing followed by sonication was the best method for graphene oxide
dispersion in LECy

o Addition of 1 wt% edge-functionalized graphite to LECy did not increase storage
modulus but addition of 1 and 2 wt% Go increased storage modulus below the T,

« Diffusion of water in LECy 1 wt% GO was slower than pure LECy polycyanurate but
equilibrium uptake was greater

« SEM micrographs of composite fractured surfaces suggest that LECy cyanate resin
matrix is not covalently bonded to graphene oxide sheets

« LECy 1 wt% GO composite samples showed relatively good dispersion and low
void content

* Poor dispersion and large voids were present in LECy 5 wt% composites
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